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Abstract. SCIAMACHY onboard ENVISAT (launched in
2002) enables the retrieval of global long-term column-
averaged dry air mole fractions of the two most important
anthropogenicgreenhousegases carbon dioxideandmethane
(denoted XCO2 and XCH4). In order to assess the quality
of the greenhouse gas data obtained with the recently intro-
duced v2 of the scientiﬁc retrieval algorithm WFM-DOAS,
we present validations with ground-based Fourier Transform
Spectrometer (FTS) measurements and comparisons with
model results at eight Total Carbon Column Observing Net-
work(TCCON)sitesprovidingrealisticerrorestimatesofthe
satellite data. Such validation is a prerequisite to assess the
suitability of data sets for their use in inverse modelling.
It is shown that there are generally no signiﬁcant differ-
ences between the carbon dioxide annual increases of SCIA-
MACHY and the assimilation system CarbonTracker (2.00±
0.16ppmyr−1 compared to 1.94±0.03ppmyr−1 on global
average). The XCO2 seasonal cycle amplitudes derived from
SCIAMACHY are typically larger than those from TCCON
which are in turn larger than those from CarbonTracker. The
absolute values of the northern hemispheric TCCON sea-
sonal cycle amplitudes are closer to SCIAMACHY than to
CarbonTrackerandthecorrespondingdifferencesarenotsig-
niﬁcant when compared with SCIAMACHY, whereas they
can be signiﬁcant for a subset of the analysed TCCON sites
when compared with CarbonTracker. At Darwin we ﬁnd dis-
crepancies of the seasonal cycle derived from SCIAMACHY
compared to the other data sets which can probably be as-
cribed to occurrences of undetected thin clouds. Based on
the comparison with the reference data, we conclude that the
carbondioxidedatasetcanbecharacterisedbyaregionalrel-
ative precision (mean standard deviation of the differences)
of about 2.2ppm and a relative accuracy (standard deviation
of the mean differences) of 1.1–1.2ppm for monthly average
composites within a radius of 500km.
For methane, prior to November 2005, the regional rela-
tive precision amounts to 12ppb and the relative accuracy is
about 3ppb for monthly composite averages within the same
radius. The loss of some spectral detector pixels results in
a degradation of performance thereafter in the spectral range
currently used for the methane column retrieval. This leads
to larger scatter and lower XCH4 values are retrieved in the
tropics for the subsequent time period degrading the relative
accuracy. As a result, the overall relative precision is esti-
mated to be 17ppb and the relative accuracy is in the range
of about 10–20ppb for monthly averages within a radius of
500km.
The derived estimates show that the SCIAMACHY XCH4
data set before November 2005 is suitable for regional
source/sinkdeterminationandregional-scaleﬂuxuncertainty
reduction via inverse modelling worldwide. In addition, the
XCO2 monthly data potentially provide valuable information
in continental regions, where there is sparse sampling by sur-
face ﬂask measurements.
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1 Introduction
The increase in the atmospheric abundance of the two most
important anthropogenic greenhouse gases carbon dioxide
and methane since the start of the Industrial Revolution
has been well documented by the Intergovernmental Panel
on Climate Change (IPCC) (Solomon et al., 2007). Car-
bon dioxide levels have risen steadily, whereas atmospheric
methane amounts were rather stable from roughly 1999 to
2006 (Dlugokencky et al., 2003; Bousquet et al., 2006) fol-
lowed by a renewed methane growth since 2007 observed
from surface measurements (Rigby et al., 2008; Dlugo-
kencky et al., 2009). Despite their importance, there are
still many gaps in our understanding of the sources and sinks
of these greenhouse gases (Stephens et al., 2007) and their
biogeochemical feedbacks and response in a changing cli-
mate, hampering reliable climate predictions. However, the-
oretical studies have shown that satellite measurements have
the potential to signiﬁcantly reduce surface ﬂux uncertainties
by deducing strength and spatiotemporal distribution of the
sources and sinks via inverse modelling, if the satellite data
are accurate and precise enough (Rayner and O’Brien, 2001;
Houweling et al., 2004; Miller et al., 2007; Chevallier et al.,
2007). The reduction of regional ﬂux uncertainties requires
high sensitivity to near-surface greenhouse gas concentration
changes because the variability due to regional sources and
sinks is largest in the lowest atmospheric layers. Upper tro-
pospheric concentrations are already essentially zonal due to
atmospheric mixing and are not sufﬁcient to reduce regional-
scale ﬂux uncertainties signiﬁcantly.
Currently, there are only two satellite instruments orbit-
ing the Earth which enable the retrieval of the column-
averaged dry air mole fractions of atmospheric carbon diox-
ide (XCO2) and methane (XCH4) with signiﬁcant sensitivity
in the boundary layer. This is achieved by retrieving XCO2
and XCH4 from measurements of reﬂected solar radiation
in the near-infrared/shortwave-infrared (NIR/SWIR) spectral
region (0.75–3µm). These instruments are SCIAMACHY
onboard ENVISAT (launched in 2002) and TANSO onboard
GOSAT (launched in 2009) (Yokota et al., 2009), which
yield measurements of the relevant absorption bands of both
gases in this spectral range. OCO-2 (originally scheduled
to be launched in 2013 but temporarily put on hold due to
re-evaluation of launch vehicle options) (Crisp et al., 2004;
Boesch et al., 2011) will be another satellite designed to ob-
serve atmospheric carbon dioxide in the same spectral re-
gion as SCIAMACHY and TANSO. CarbonSat (Bovens-
mann et al., 2010), which is one of two candidate Earth Ex-
plorer Opportunity Missions (EE-8, to be launched in 2018),
and the CarbonSat Constellation shall also measure XCO2
and XCH4 in this spectral range. Despite the coarser spa-
tial and spectral resolution of SCIAMACHY compared to
TANSO or future OCO-2 and CarbonSat, it is playing a pio-
neering role in the relatively new area of greenhouse gas ob-
servations from space (Buchwitz et al., 2005a,b, 2006, 2007;
Schneisingetal.,2008,2009,2011;Reuteretal.,2010,2011;
Houweling et al., 2005; B¨ osch et al., 2006; Barkley et al.,
2006a,c,b, 2007; Frankenberg et al., 2005, 2006, 2008b,a,
2011) because it was the only satellite instrument measur-
ing XCO2 and XCH4 with high sensitivity in the boundary
layer within the time period 2002–2009 and is planned to
continue its measurements at least until 2014. Therefore, ac-
curate analyses of SCIAMACHY data are essential to initi-
ate consistent long-term time series of carbon dioxide and
methane observations from space. SCIAMACHY data have
already been incorporated in the atmospheric modelling of
methane emissions (Bergamaschi et al., 2007, 2009) and in
the estimation of wetland emissions by calibrating a simple
model based on correlation analyses (Bloom et al., 2010).
In this manuscript, the long-term global carbon dioxide
and methane dry air column-averaged mole fraction data
sets from SCIAMACHY derived using Weighting Func-
tion Modiﬁed DOAS (WFM-DOAS) version 2 (Schneis-
ing et al., 2011) are validated with ground-based Fourier
Transform Spectrometer (FTS) measurements and compared
to global model simulations (CarbonTracker XCO2 (Peters
et al., 2007, 2010) and TM5-4DVAR XCH4 (Meirink et al.,
2008; Bergamaschi et al., 2009, 2010)) being optimised by
assimilating highly accurate surface measurements from the
NOAA/ESRL network.
2 Data sets
The intercomparison is performed at the following TCCON
ground sites: Białystok (Poland), Bremen (Germany),
Orl´ eans (France), Garmisch (Germany), Park Falls (USA),
Lamont (USA), Darwin (Australia), and Wollongong (Aus-
tralia). For each analysed TCCON site, time series are
generated comprising SCIAMACHY, FTS, and model data
providing the basis for the validation and intercomparison
study. SCIAMACHY and model results are available for
the entire analysed time period ranging from 2003 to 2009,
whereas TCCON data are only available for certain subperi-
ods depending on site (Park Falls since 2004, Darwin since
2005, Bremen since 2007, Lamont and Wollongong since
2008, Białystok, Orl´ eans, and Garmisch since 2009). For
other available TCCON sites with potential temporal overlap
with the SCIAMACHY data, namely Lauder (New Zealand),
Tsukuba (Japan), and Iza˜ na (Spain), there are too few WFM-
DOAS retrievals passing the quality ﬁlter for a statistically
signiﬁcant comparison in the immediate vicinity of these
sites. SCIAMACHY measurements over ocean are ﬁltered
out because of the lower surface reﬂectance and therefore
the SCIAMACHY signal-to-noise ratio is poorer near these
TCCON sites.
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2.1 SCIAMACHY
The grating spectrometer SCIAMACHY (SCanning Imaging
Absorption spectroMeter for Atmospheric CHartographY),
which is a multinational (Germany, The Netherlands, Bel-
gium) contribution to the European environmental satellite
ENVISAT, measures reﬂected, backscattered and transmitted
solar radiation at moderately high spectral resolution (0.2–
1.4nm) in the spectral region from 214nm to 2386nm (Bur-
rows et al., 1990, 1995; Burrows and Chance, 1991; Bovens-
mann et al., 1999).
ENVISAT was launched into a sun-synchronous or-
bit in descending node having an equator crossing time
of 10:00a.m. local time. SCIAMACHY’s observation
of greenhouse gas overtone absorptions in the near-
infrared/shortwave infrared (NIR/SWIR) solar backscattered
spectrum yield the vertical columns of CO2 and CH4 with
high sensitivity down to the Earth’s surface (Buchwitz et al.,
2005a). The instrument scans ±32◦ across track around the
nadir direction resulting in a swath width of 960km consist-
ing of single measurements with a horizontal resolution of
typically 60km across track by 30km along track each for
the spectral regions used in this study.
The global long-term SCIAMACHY greenhouse gas re-
sults to be validated are obtained using v2 (v2.1 XCO2 and
v2.0.2 XCH4) of the scientiﬁc retrieval algorithm WFM-
DOAS recently introduced in Schneising et al. (2011), which
is based on a fast look-up table scheme. For the WFMDv2.1
XCO2 data an additional empirical correction as a function
of the signed scan angle φ ∈[−32◦,32◦] is applied to resolve
a spurious dependency of the retrieved single ground scene
XCO2 on φ (for details, see Heymann et al., 2012):
XCOC
2(φ)=XCO2−
3ppm
1000(◦)2 ·
 
φ+47.3◦2+7ppm (1)
The sign of the scan angle (minus corresponds to measure-
ments east of the nadir position) can be derived from the rel-
ative azimuth angle stated in the WFM-DOAS product ﬁles.
The single ground scene measurement retrieval precision
after this correction derived from the method of averaging
daily standard deviations of the retrieved XCO2 at differ-
ent locations distributed around the globe (Schneising et al.,
2011) provides a consistent estimate of about 5.4ppm, which
corresponds approximately to 1.4%. The corresponding es-
timate of the single measurement precision for WFMDv2.0.2
XCH4 amounts to about 30ppb before November 2005
(and 70ppb afterwards), which corresponds approximately
to 1.7% (4%). In November 2005, the impact of solar pro-
tons resulted in persistent random telegraph noise of the de-
tector pixel measuring the strongest CH4 absorption in the
Q-branch of the 2ν3 band around 1666nm.
For each TCCON site, monthly means with sufﬁcient
SCIAMACHYgroundscenespassingthequalityﬁlterwithin
500km around the site are used for the validation and inter-
comparison study.
2.2 FTS
TCCON is a network of ground-based Fourier Transform
Spectrometers recording direct solar spectra in the near-
infrared/shortwave-infrared spectral region (Wunch et al.,
2011a). From these spectra, accurate and precise column-
averaged abundances of CO2 and CH4 are retrieved from
spectral windows around 1.6µm providing a validation re-
source for column-averaged satellite data. Because of the di-
rect solar-viewing measurement method potential biases due
to atmospheric scattering are minimised.
To ensure comparability, all TCCON sites use similar in-
strumentation (Bruker IFS 125/HR for all sites used in this
study) and a common retrieval algorithm based on scaling
a priori proﬁles by least-squares ﬁtting. The CO2 a pri-
ori proﬁles are derived from an empirical model based on
GLOBALVIEW in situ data and extended to the stratosphere
using an age of air relationship (Andrews et al., 2001). The
CH4 aprioriproﬁlesarebasedonACEFTSsatellite(Bernath
et al., 2005) and MkIV FTS balloon measurements (Toon,
1991).
The TCCON data are calibrated using airborne in situ
measurements applying single scaling factors for each
species for all sites consistently (Washenfelder et al., 2006;
Deutscher et al., 2010; Wunch et al., 2010, 2011a; Messer-
schmidt et al., 2011). For XCO2 an additional empirical
airmass-dependent correction is applied before calibration
to account for spectroscopic inadequacies. The single mea-
surement precision is about 0.15% for XCO2 and 0.2% for
XCH4 (Toon et al., 2009). The estimated accuracy derived
from the slope of the calibration curves and the correspond-
ing errors is about 0.8ppm for carbon dioxide and 7ppb for
methane (2σ, Wunch et al., 2010).
2.3 CarbonTracker
CarbonTracker developed by NOAA/ESRL in cooperation
withmany partners isa reanalysis ofthe recent globalsurface
ﬂuxes and the corresponding 3-D mole fractions of carbon
dioxide estimated by assimilating highly accurate surface
ﬂask measurements from the NOAA/ESRL network and tall
tower measurements using an Ensemble Kalman Filter tech-
nique(Petersetal.,2007,2010). Theunderlyingatmospheric
transport model TM5 (Krol et al., 2005) with 25 vertical lay-
ers is driven by meteorological data from the European Cen-
tre for Medium Range Weather Forecasts (ECMWF). We use
CarbonTracker with a horizontal resolution of 3◦ ×2◦ and
a temporal resolution of 3h. For the comparison, we employ
the proﬁles of the recent CarbonTracker release 2010 which
are temporally closest to the local overpass time of SCIA-
MACHY and integrate vertically to obtain the corresponding
column-averaged mole fractions.
www.atmos-chem-phys.net/12/1527/2012/ Atmos. Chem. Phys., 12, 1527–1540, 20121530 O. Schneising et al.: SCIAMACHY greenhouse gases: comparison to FTS and model results
2.4 TM5-4DVAR
The methane model simulations are based on the TM5-
4DVAR inverse modelling system described in detail by
Meirink et al. (2008), including subsequent further develop-
ments described by Bergamaschi et al. (2009, 2010). TM5 is
an ofﬂine transport model (Krol et al., 2005), driven by mete-
orological ﬁelds from the ECMWF Integrated Forecast Sys-
tem (IFS) model. For the present study we apply the ERA-
INTERIM meteorological ﬁelds, a reanalysis of the period
from 1989 until present, to ensure consistent meteorological
ﬁelds over the time period analysed (2003–2009). We em-
ploy the standard TM5 version (TM5 cycle 1), with 25 verti-
cal layers, and apply a horizontal resolution of 6◦×4◦. The
4-dimensional variational (4DVAR) optimisation technique
minimises iteratively a cost function taking into account an
a priori estimate of the emissions, based on the emission in-
ventories used in Bergamaschi et al. (2010). We assimilate
only surface observations from the NOAA Earth System Re-
search Laboratory (ESRL) global cooperative air sampling
network (Dlugokencky et al., 2003, 2009), using the same
set of global background monitoring sites as Bergamaschi
et al. (2009). For computational reasons, the inversion is
split into 15-monthly periods with 3 months overlap, using
the optimised 3-D ﬁelds at the beginning of each year from
the previous inversion. We use pre-calculated monthly OH
ﬁelds based on Carbon Bond Mechanism 4 (CBM-4) chem-
istry (Bergamaschi et al., 2009), but do not take into account
any potential inter-annual variability of OH in this study.
3 Comparison method
A quantitative comparison of the SCIAMACHY, FTS, and
model results is not trivial due to the different averaging ker-
nels inﬂuencing the respective absolute amounts of retrieved
seasonal variability and annual increase. Therefore, the dif-
fering sensitivities of the instruments have to be taken into
account appropriately. According to Rodgers (2000) this
can be achieved by adjusting the measurements for a com-
mon a priori proﬁle eliminating differences attributable to
the a priori information. For simplicity, the modelled proﬁles
(CarbonTracker for XCO2 and TM5-4DVAR for XCH4) are
used as common a priori as in Reuter et al. (2011) enabling
direct comparability of SCIAMACHY, FTS, and the corre-
sponding model results:
cadj = ˆ c+
1
p0
X
l

1−Al

xl
mod−xl
a

1pl (2)
In this equation, ˆ c represents the column-averaged mole frac-
tion retrieved by SCIAMACHY or FTS, l is the index of the
vertical layer, Al the column averaging kernel, xl
a the a pri-
ori mole fraction, and xl
mod the modelled mole fraction (and
new common a priori) of layer l. 1pl is the pressure differ-
ence between the upper and lower boundary of layer l and p0
denotes surface pressure.
The adjustment can be neglected when at least one of the
twofollowingconditionsisfulﬁlled: (i)Theaveragingkernel
vector A is close to 1 for all layers or (ii) the a priori proﬁle
xa is close to the model proﬁle xmod.
In the case of XCO2, the dynamic FTS a priori proﬁles
changing with time and latitude of the site are close to the
corresponding model proﬁles because the FTS a priori is
based on GLOBALVIEW including surface and tower in situ
measurements collocated with or near TCCON sites which
are also assimilated in CarbonTracker. As a consequence,
the adjustment described in Eq. (2) is marginal compared to
the precision of SCIAMACHY (see also discussion in Reuter
et al., 2011) and is therefore omitted in the following for the
sake of simplicity. The same is true for XCH4 because the
FTS averaging kernels are close to 1 for typical conditions
(Wunch et al., 2011a) and are generally much more uniform
compared to SCIAMACHY. In contrast to FTS, neither con-
dition is fulﬁlled for the WFM-DOAS retrieval algorithm,
which uses one static a priori proﬁle globally and there-
fore the satellite data are adjusted according to Eq. (2) for
both analysed species. A typical adjustment of the satellite
monthly means is 0.15% for XCO2 and 0.40% for XCH4.
4 Results
The validation and intercomparison results are shown in
Tables 1–3. An additional visualisation for the ﬁve sites
with the longest temporal overlap of the SCIAMACHY and
TCCON data (Park Falls since 2004, Darwin since 2005,
Bremen since 2007, Lamont and Wollongong since 2008)
can be found in Figs. 1–3. The order of the sites in the Ta-
bles and Figures is according to latitude. Tables/Figs. 1 and 3
summarisetheresultsrelatedtotheagreementofthemonthly
means for XCO2 and XCH4, respectively, whereas Table and
Fig. 2 show additional comparisons for XCO2 related to the
annual increase and the seasonal cycle amplitude.
4.1 Carbon dioxide
4.1.1 Precision, accuracy, and correlation
The carbon dioxide results are listed for each site separately
in Table 1 showing the mean differences d to FTS and Car-
bonTracker, the standard deviations of the differences s and
the correlation coefﬁcients r for the original and scan-angle-
corrected SCIAMACHY data. Also shown is the global
offset which is the averaged d over all sites, the regional
precision relative to the reference which is the averaged s,
the relative accuracy which is the standard deviation of d,
and the mean correlation. The corresponding scan-angle-
corrected time series are depicted in Fig. 1 for Bremen, Park
Falls, Lamont, Darwin, and Wollongong. Overall, we ﬁnd
good agreement between SCIAMACHY and the reference
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Table 1. Validation and comparison results for WFMDv2.1 XCO2 based on monthly data within the time period 2003–2009. Shown
are the number of coincident months n of data availability for SCIAMACHY and the comparative data set, the mean difference d to FTS
and CarbonTracker, the standard deviation of the difference s and the correlation coefﬁcients r for the analysed sites. Also shown are
the corresponding results for the scan-angle-corrected SCIAMACHY data (SCIAC), which form the basis of the error characterisation.
The global offset is the averaged mean difference, the regional precision relative to the reference is the averaged standard deviation of the
difference, and the relative accuracy is the standard deviation of the mean differences.
Location SCIA-FTS SCIAC-FTS SCIA-CT SCIAC-CT
n [–] 4 4 37 37
Białystok d [ppm] 2.63 2.53 0.86 0.90
(53.23◦ N, 23.02◦ E) s [ppm] 2.40 2.03 2.08 1.96
r [–] 0.83 0.85 0.91 0.92
n 9 9 26 26
Bremen d 1.35 0.70 1.43 1.12
(53.10◦ N, 8.85◦ E) s 1.27 1.17 2.52 2.33
r 0.83 0.94 0.88 0.89
n 1 1 35 35
Orl´ eans d – – 0.29 0.11
(47.97◦ N, 2.11◦ E) s – – 1.74 1.99
r – – 0.93 0.91
n 5 5 40 40
Garmisch d 1.52 0.26 −0.08 −0.80
(47.48◦ N, 11.06◦ E) s 2.08 2.64 1.89 1.94
r 0.56 0.20 0.93 0.93
n 35 35 43 43
Park Falls d 0.44 −0.12 −0.78 −1.24
(45.94◦ N, 90.27◦ W) s 2.14 1.78 2.18 1.95
r 0.92 0.95 0.94 0.95
n 16 16 71 71
Lamont d −0.94 −0.80 −1.80 −1.61
(36.60◦ N, 97.49◦ W) s 2.50 1.75 2.65 1.80
r 0.54 0.74 0.83 0.92
n 31 31 50 50
Darwin d 1.88 1.87 1.73 1.70
(12.42◦ S, 130.89◦ E) s 4.18 3.92 4.50 4.28
r 0.45 0.45 0.56 0.58
n 9 9 54 54
Wollongong d 0.63 0.53 0.49 0.59
(34.41◦ S, 150.88◦ E) s 1.12 1.54 2.05 1.55
r 0.67 0.61 0.87 0.92
Global Offset [ppm] 1.07 0.71 0.27 0.10
Regional Precision [ppm] 2.24 2.12 2.45 2.23
Relative Accuracy [ppm] 1.15 1.14 1.16 1.20
Mean Correlation [–] 0.69 0.68 0.86 0.88
data with the exception of Darwin with systematic devia-
tions of the seasonal cycle, which can probably be ascribed
to a large extent to occurrences of undetected subvisual thin
cirrus clouds in the tropics (Schneising et al., 2011).
While the scan angle correction reduces the standard devi-
ations of the satellite data within a given month noticeably by
about 1.8ppm on average (the corresponding standard devia-
tions after the correction are shown as vertical bars in Fig. 1),
the effect on the monthly means and the comparison results
of Table 1 is typically rather small due to the averaging of
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Table 2. Annual increase and seasonal cycle amplitude at the analysed TCCON sites. The increase is calculated from the unsmoothed data
and the amplitudes are derived from smoothed time series as in Fig. 2. The numbers in italic for Darwin show the results of the trend analysis
when restricting to 2006–2009 to harmonise the time periods of TCCON and SCIAMACHY/CarbonTracker.
Location Annual Increase [ppmyr−1] Seasonal Cycle Amplitude [ppm]
SCIAMACHY CarbonTracker TCCON SCIAMACHY CarbonTracker TCCON
Białystok 2.10±0.19 1.96±0.04 – 2.9±0.3 3.3±0.1 –
Bremen 1.92±0.38 1.96±0.07 – – 3.3±0.1 3.5±0.2
Orl´ eans 1.83±0.16 1.92±0.04 – – 2.8±0.1 –
Garmisch 1.99±0.15 1.92±0.03 – 3.2±0.1 2.8±0.1 –
Park Falls 2.13±0.15 1.93±0.03 2.04±0.08 4.0±0.3 3.3±0.1 3.7±0.3
Lamont 2.12±0.09 1.99±0.02 – 3.0±0.2 2.3±0.1 2.8±0.2
Darwin 1.91±0.10 1.91±0.01 2.34±0.16 3.2±0.3 0.6±0.1 0.8±0.1
|2006−2009 2.06±0.18 1.81±0.01 2.34±0.16
Wollongong 1.96±0.08 1.91±0.02 – 1.2±0.1 0.4±0.1 0.6±0.1
many measurements. Nevertheless, the corrected data set,
which removes the spurious scan angle dependency of the
single measurements, is the basis of the following analysis.
The global offset of the satellite data relative to Carbon-
Tracker and TCCON is small amounting to 0.10ppm and
0.71ppm, respectively. In addition, known global uniform
offsets are considered to be unproblematic in inverse mod-
elling and can easily be corrected for prior to ﬂux inver-
sion. A more important error estimate is the relative accu-
racy explained above quantifying regional biases: it amounts
to 1.14ppm relative to TCCON and 1.20ppm relative to Car-
bonTracker. The regional precision of the SCIAMACHY
data is about 2.2ppm relative to both comparative data sets
and the mean correlation is 0.88 to CarbonTracker. The
somewhat smaller correlation of 0.68 to TCCON is probably
due to fewer coincidences of the available monthly data sets
at speciﬁc sites (e.g., ﬁve months for Garmisch). The statisti-
cal SCIAMACHY-FTS comparison of Table 1 is not feasible
for Orl´ eans because there is only one coincident month in
this particular case.
4.1.2 Annual increase and seasonal cycle
The annual increases listed in Table 2 are derived by ﬁtting
a linear trend to the deseasonalised time series. To this end,
we calculate linear trends for month i ∈{1,...,12} of the year
separately, if data for this month are available for a sufﬁ-
cient number of years. This means that we get up to 12 in-
dividual trends (e.g., one for all Januaries) and the annual
increase is deﬁned as the mean of these trends plus or minus
the corresponding standard error. To ensure comparability,
only months which are also available for SCIAMACHY are
used to compute the TCCON and CarbonTracker annual in-
creases. For the FTS, estimates are only speciﬁed for Park
Falls and Darwin because at least three years of data are re-
quired to reliably determine the annual increase.
According to Table 2, there are generally no signiﬁcant
differences between the SCIAMACHY and CarbonTracker
annual increases. For all sites, the increases agree within
their errors with the exception of Park Falls and Lamont
where a marginal residual difference remains when taking
the standard errors into account. Nevertheless, the global
mean increase is somewhat larger for SCIAMACHY than for
CarbonTracker (2.00±0.16ppmyr−1 compared to 1.94±
0.03ppmyr−1). The FTS annual increase at Park Falls also
agrees with SCIAMACHY and CarbonTracker within the er-
ror bars. However, the FTS increase at Darwin is signiﬁ-
cantly larger than for the other time series. In this context,
it has to be noted that there are limited observational data
driving the CarbonTracker assimilation near Darwin and that
the TCCON increase might be affected to some extent by
a small drift in the FTS measurements at Darwin caused by
a gradually changing instrument lineshape between installa-
tion in late August 2005 and January 2009 (Houweling et al.,
2010). Moreover, it has to be borne in mind that in the case
of Darwin a shorter time period is used for the analysis of
the TCCON annual increase compared to SCIAMACHY and
CarbonTracker. As there are signiﬁcant inter-annual varia-
tions in the trends, the shorter FTS period might also con-
tribute to the differences at Darwin. When restricting the
trend analysis to 2006–2009 (numbers in italic in Table 2) to
harmonise the time periods the differences between SCIA-
MACHY and TCCON are no longer signiﬁcant.
The mean amplitude of the seasonal cycle is obtained by
subtracting the linear trend derived above from the time se-
ries, smoothing the result using a ﬁve-month Hann window
(this corresponds to an effective width of 2.5 months) and av-
eraging the resulting amplitudes for all years in which the cy-
cle is reasonably sampled denoting the standard error of the
mean as error (see Fig. 2). As can be seen in Table 2, the am-
plitudes derived from SCIAMACHYare typicallylarger than
those from TCCON which are in turn larger than those from
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Table 3. As Table 1 but for WFMDv2.0.2 XCH4 compared to FTS and TM5-4DVAR. The results are also divided in the two periods before
and after the pixel mask change at the beginning of November 2005.
Location SCIA-FTS SCIA-TM5
entire period Jan 2003–Oct 2005 Nov 2005–Dec 2009 entire period Jan 2003–Oct 2005 Nov 2005–Dec 2009
n [–] 4 0 4 37 17 20
Białystok d [ppb] 12.20 – 12.20 18.24 21.65 15.35
(53.23◦ N, 23.02◦ E) s [ppb] 15.38 – 15.38 14.04 15.50 12.32
r [–] −0.37 – −0.37 0.34 0.50 0.28
n 8 0 8 27 15 12
Bremen d 9.56 – 9.56 22.17 25.36 18.18
(53.10◦ N, 8.85◦ E) s 18.70 – 18.70 10.49 9.31 10.88
r −0.19 – −0.19 0.48 0.64 0.48
n 1 0 1 38 18 20
Orl´ eans d – – – 14.97 21.63 8.96
(47.97◦ N, 2.11◦ E) s – – – 13.02 9.72 12.86
r – – – 0.31 0.44 0.46
n 4 0 4 41 19 22
Garmisch d 9.09 – 9.09 17.70 23.07 13.06
(47.48◦ N, 11.06◦ E) s 16.73 – 16.73 12.29 11.80 10.93
r 0.68 – 0.68 0.45 0.49 0.58
n 37 13 24 47 21 26
Park Falls d 9.37 16.22 5.65 13.17 18.97 8.49
(45.94◦ N, 90.27◦ W) s 18.18 18.77 17.10 16.55 13.93 17.25
r 0.24 0.08 0.36 0.38 0.68 0.35
n 16 0 16 73 26 47
Lamont d 12.11 – 12.11 21.10 27.31 17.67
(36.60◦ N, 97.49◦ W) s 14.62 – 14.62 15.47 17.37 13.29
r 0.03 – 0.03 0.42 0.34 0.54
n 27 3 24 49 23 26
Darwin d −32.43 20.29 −39.02 −2.59 26.52 −28.35
(12.42◦ S, 130.89◦ E) s 21.14 4.92 9.76 29.24 6.82 11.41
r 0.24 0.97 0.71 −0.28 0.41 0.66
n 9 0 9 56 20 36
Wollongong d −22.77 – −22.77 15.16 24.25 10.12
(34.41◦ S, 150.88◦ E) s 18.03 – 18.03 14.25 8.46 14.39
r 0.02 – 0.02 0.34 −0.02 0.56
Global Offset [ppb] −0.41 18.26 −1.88 14.99 23.60 7.94
Regional Precision [ppb] 17.54 11.85 15.76 15.67 11.61 12.92
Relative Accuracy [ppb] 18.83 2.88 20.48 7.74 2.81 15.14
Mean Correlation [–] 0.09 0.53 0.18 0.31 0.44 0.49
CarbonTracker. However, the differences between the SCIA-
MACHY and TCCON amplitudes are not signiﬁcant for the
Northern Hemisphere. On the other hand, the differences
of northern hemispheric TCCON amplitudes with respect to
CarbonTracker can be signiﬁcant as one sees in the case of
Lamont. Potential contributions to the systematic underes-
timation of seasonal cycle amplitudes in northern temperate
latitudes by models compared to TCCON are discussed by
Basu et al. (2011). The absolute values of the northern hemi-
spheric TCCON amplitudes are closer to SCIAMACHY than
to CarbonTracker, which can be seen from the comparison
of those northern hemispheric sites where the amplitudes are
available for all three data sets at the same time, namely Park
Falls and Lamont. To get a quantitative impression of the
global seasonal cycle differences and their signiﬁcance we
calculate mean amplitudes for sites where estimated seasonal
cycle amplitudes are available for all three data sets. Exclud-
ing Darwin, where the satellite seasonal cycle seems to be af-
fected by artefacts probably due to variability of undetected
subvisual thin cirrus clouds (Schneising et al., 2011), the
mean amplitude amounts to 2.7±0.2ppm for SCIAMACHY,
2.4±0.2ppm for TCCON, and 2.0±0.1ppm for Carbon-
Tracker.
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Fig. 1. Intercomparison of the SCIAMACHY WFMDv2.1 XCO2
time series of monthly means (black) with ground based Fourier
Transform Spectroscopy (FTS) measurements (red) and Carbon-
Tracker (blue) at selected TCCON sites for the years 2003–2009.
The vertical bars correspond to the standard deviations of the data
within a given month. The following numbers have been computed
based on the monthly averages (S=SCIAMACHY, T=TCCON,
M=Model): d is the absolute mean difference (in ppm), s denotes
the standard deviation of the difference (in ppm), and r is the corre-
lation coefﬁcient. The complete results are summarised in Table 1.
Fig. 2. Carbon dioxide time series with derived linear trends sub-
tracted. The solid lines have been smoothed using a ﬁve-month
Hann window (which has a similar frequency response to a two-
and-a-half-month boxcar ﬁlter but better attenuation of high fre-
quencies). The shaded areas represent the standard deviation of
the unsmoothed satellite data. The annual increases and the am-
plitudes of the seasonal cycle are stated for data sets with sufﬁcient
data available for computation (e.g., at least three years of data are
required to reliably determine the annual increase). The complete
results are summarised in Table 2.
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Fig. 3. Intercomparison of the SCIAMACHY WFMDv2.0.2 XCH4
time series of monthly means with ground based Fourier Transform
Spectroscopy (FTS) measurements and TM5-4DVAR at selected
TCCON sites for the years 2003–2009 as in Fig. 1. The complete
results are summarised in Table 3.
4.2 Methane
ThemethaneresultsareshowninTable3, whichisstructured
as in the case of carbon dioxide discussed above. SCIA-
MACHY’s channel 6+, which is used for the methane col-
umn retrievals, suffers from an increasing number of dead
and bad detector pixels including so-called random telegraph
detector pixels, which unpredictably jump between at least
two quasi-stable dark signal levels (Lichtenberg et al., 2006;
Frankenberg et al., 2011; Schneising et al., 2011). As a re-
sult, thedetectorpixelmaskhadtobealteredfortimeperiods
after November 2005. Therefore, the results are also divided
in the two periods before and after the pixel mask change in
addition to the results for the entire time period.
For the entire time period, the relative accuracy quantify-
ing regional biases amountsto 19ppbrelative toTCCON and
8ppb relative to TM5. The regional precision of the SCIA-
MACHY data is about 17ppb relative to both comparative
data sets with mean correlations of 0.09 and 0.31 to TCCON
and TM5, respectively. As expected from the loss of sig-
nal resulting from the loss of detector pixels used in the re-
trieval, the analysis of the separated time periods conﬁrms
that the SCIAMACHY methane data after November 2005
are of reduced quality: the relative accuracy degrades from
3ppb before to 15ppb after the pixel mask change when
compared with TM5 and from 3ppb to 20ppb when com-
pared to TCCON. However, the comparison to TCCON for
the ﬁrst time period is only possible for two sites, namely
Park Falls and Darwin, because the other sites were estab-
lished later than 2005.
The most prominent adverse feature of the SCIAMACHY
data in connection with the pixel mask change is the change
of the absolute methane levels before and after the alteration
in Darwin suggesting a negative tropical bias after Novem-
ber 2005, which is consistent with the ﬁndings of Schneis-
ing et al. (2011) for latitudinal averages. A possible rea-
son is spectroscopic interference with water vapour, which
is highly abundant in the tropics (Frankenberg et al., 2008a;
Schneising et al., 2009). The interference is presumably
more or less pronounced in the methane ﬁtting window de-
pending on the used detector pixel mask. This potential issue
might be resolved in the future by developing a bias correc-
tion as a function of water vapour abundance based on exter-
nal information about collocated water vapour retrieved from
SCIAMACHY’s spectral measurements in the visible wave-
length region (No¨ el et al., 2004).
5 Conclusions
This manuscript presents and discusses the comparison of
a global long-term (2003–2009) data set of atmospheric car-
bon dioxide and methane column-averaged dry air mole frac-
tions retrieved from SCIAMACHY using the scientiﬁc re-
trieval algorithm WFM-DOAS with both ground-based FTS
measurementsandmodelresultsatseveralTCCONsitespro-
viding realistic error estimates of the satellite data.
It is demonstrated that the empirical correction to resolve
the dependency of the single XCO2 measurement on the
signed scan angle has no signiﬁcant impact on the validation
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results based on monthly means because many measure-
ments are averaged.
The differences between the SCIAMACHY and Carbon-
Tracker carbon dioxide annual increases are not signiﬁcant
(with typical standard errors in the range of about 0.1–
0.2ppm for SCIAMACHY monthly composite averages).
The same is true for the seasonal cycle amplitudes of SCIA-
MACHY and TCCON on the Northern Hemisphere (stan-
dard errors of the order of 0.2–0.3ppm, respectively). How-
ever, the differences of northern hemispheric TCCON am-
plitudes with respect to CarbonTracker are signiﬁcant for a
subset of the analysed sites. In this context, it has to be
noted that CarbonTracker exhibits smaller standard errors of
the seasonal cycle amplitudes of 0.1ppm making the detec-
tion of signiﬁcant differences to other data sets easier. Typ-
ically, the XCO2 seasonal cycle amplitudes derived from
SCIAMACHY are somewhat larger than those from TCCON
which are in turn larger than those from CarbonTracker. In
general, there is good agreement between the three data sets
in the case of carbon dioxide with the exception of Darwin.
At this location, the SCIAMACHY seasonal cycle seems to
be affected by artefacts, which are attributed to potential re-
trieval problems in the tropics arising from the fact that un-
detected clouds are not taken into account in the modelling
of the radiative transfer. This is supported by the ﬁnding,
that the issue at Darwin can be largely resolved by using
alternative SCIAMACHY retrievals based on computation-
allyexpensiveonlineradiativetransfercalculationsincluding
selected cloud parameters in the state vector (Reuter et al.,
2011).
The regional relative precision of XCO2 is estimated to
be about 2.2ppm and the relative accuracy is 1.1–1.2ppm
for monthly averages within a radius of 500km. Exclud-
ing Darwin, the regional relative precision is 1.9ppm, the
relative accuracy is 1.1ppm, and the mean correlation is
0.92 compared to CarbonTracker. These estimates indicate
that SCIAMACHY measurements potentially provide valu-
able information for regional source/sink determination by
inverse modelling techniques in places where surface ﬂask
observations are sparse at least outside the southern hemi-
spheric tropics.
For XCH4 we derive a regional relative precision of 17ppb
and a relative accuracy of about 10–20ppb for monthly av-
erages within the same radius as for carbon dioxide. These
estimates are adversely affected by the pixel mask change at
the beginning of November 2005, which was necessary be-
cause of previous detector degradation in the spectral range
used for the methane column retrieval. Therefore, the val-
ues are also calculated separately for the two periods before
and after the pixel mask change. Before November 2005,
the regional relative precision amounts to 12ppb and the rel-
ative accuracy is about 3ppb as derived by the comparison
to TM5. Compared to TCCON, we also calculate values of
12ppb for the relative precision and about 3ppb for the rela-
tive accuracy, however based on two sites only. This suggests
that the SCIAMACHY methane data are suitable for inverse
modelling to deduce regional sources and sinks worldwide
for this time period.
In conclusion, we have seen that atmospheric greenhouse
gas mole fractions retrieved by SCIAMACHY may poten-
tially provide additional information about the carbon cycle
when used in inverse modelling at least under speciﬁc re-
gional and temporal limitations. This might apply for ex-
ample to the interaction of vegetation with the atmosphere,
because it was shown that the absolute values of the northern
hemisphericTCCONamplitudesareclosertoSCIAMACHY
than to CarbonTracker in all cases where corresponding esti-
mates are available for all data sets at the same time and that
the corresponding differences are not signiﬁcant when com-
pared with SCIAMACHY, whereas they can be signiﬁcant on
a subset of sites when compared with CarbonTracker.
Further improvements can presumably be achieved by
evaluating systematic errors with an empirical neural-
network-type multivariate regression approach similar to
Wunch et al. (2011b) with physically meaningful regres-
sion coefﬁcients or by accounting for additional physical pa-
rameters in the forward model (e.g., cloud parameters as in
Reuter et al., 2010, 2011). Present or future instruments with
higher spatial and spectral resolution like GOSAT, OCO-2,
or CarbonSat will potentially achieve higher relative accu-
racy, but SCIAMACHY remains the only satellite instrument
measuringthe two mostimportant anthropogenicgreenhouse
gases carbon dioxide and methane with high sensitivity in the
boundary layer within the time period 2002–2009. It is yield-
ing a valuable ﬁrst set of data for the column-averaged dry
air mole fractions of carbon dioxide and methane from space
and demonstrating the need for accurate retrieval techniques
and a proper error characterisation.
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